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ABSTRACT
X-ray bright knots of kpc-scale jets of several radio loud quasars have been an ac-
tively discussed issue. Among various models to explain observations, synchrotron
radiation from the electron population different from radio to IR emitting electrons
is promising. However, the origin of this electron population has been debated. Re-
cently, we proposed that this electron population is produced by proton-photon col-
lisions (mainly, Bethe-Heitler process), and we applied this model to PKS 0637–752.
We found that this model works if the proton power is by an order of magnitude larger
than the Eddington power. In this paper we apply this model to the X-ray emission
in the knots of 3C 273 and PKS 1136–135. The target photons for electron-positron
pair production are supplied by synchrotron radiation at radio-IR by primary elec-
trons and by the active galactic nucleus (AGN) core as well as cosmic microwave
background (CMB) radiation. The effects of the AGN photons are included for the
first time in the hadronic model. Though the observed X-ray flux is obtained with the
contribution of the AGN photons, the required proton power turns out to be highly
super-Eddington. However, we find that our model works for a nearly Eddington
proton power, if the photon density of the AGN is enhanced. This can occur if the
AGN photons are more beamed toward the X-ray knots than toward our line of sight
and the AGN photon frequency is shifted by the Doppler effect.
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1. INTRODUCTION
Large scale jets of active galactic nuclei (AGNs) have been observed at various wave-
lengths. The kpc-scale jets of some AGNs are known to be bright in X-rays as observed
with the Chandra X-Ray Observatory (Schwartz et al. 2000; Chartes et al. 2000).
While the X-rays from FRI sources are usually explained by the extrapolation of the
synchrotron spectrum at radio-IR emission, the X-ray flux of some quasars is larger
than the flux extrapolated from the radio-IR radiation. Then various X-ray emission
mechanisms for the kpc-scale jets have been proposed. Synchrotron-self Compton
scattering by nonthermal electrons, which is often accepted as X-ray emission model
for AGN jets, is not favored, because the required magnetic field is much weaker
than the equipartition value (Chartes et al. 2000; Kataoka & Stawarz 2005). Inverse
Compton (IC) scattering of cosmic microwave background (CMB) radiation in rela-
tivistically moving emission region beamed to the observer (IC/CMB model) was also
considered (Tavecchio et al. 2000; Celotti et al. 2001). However, the predicted flux
by IC/CMB model exceeds the upper limits of the γ-ray flux of kpc jets in PKS 0637–
752 and 3C 273 observed by Fermi (Meyer & Georganopoulos 2014; Meyer et al.
2015). Additional γ-ray upper limits were recently presented for PKS 1136–135, PKS
1229–021, PKS 1354+195, and PKS 2209+080 (Breiding et al. 2017). Proton syn-
chrotron model was also proposed (Aharonian 2002; Bhattacharyya & Gupta 2016),
which requires a rather large value of magnetic fields, e.g., 10 mG. 1 The most promis-
ing model is synchrotron radiation by two different populations of electrons/positrons
(Uchiyama et al. 2006), though different acceleration mechanisms for different elec-
tron/positron populations are to be considered. Liu et al. (2015) proposed shock
regions in the knots of 3C 273: Different electron populations are formed in the
upstream and the downstream, which correspond to radio-IR and X-ray emissions,
respectively. Liu et al. (2017) recently proposed shear acceleration as a higher en-
ergy electron production mechanism. Though these are interesting possibilities and
feasible energetically, detailed comparison between model prediction and observations
is awaited.
Recently, to account for the second population of electrons, we proposed an alterna-
tive model in which high energy electrons/positrons produced by Bethe-Heitler pro-
cess and applied this model to PKS 0637–752 (Kusunose & Takahara 2017). Protons
obeying a power-law spectrum produce electrons/positrons (hereafter we call shortly
electrons) in collisions with radio-IR photons emitted by synchrotron radiation in a
knot. Then produced electrons emit X-rays and γ-rays by synchrotron radiation. We
showed that X-ray emission is explained by this model with a size ∼ a few kpc and
a magnetic field ∼ 0.1 mG. However, the proton power an order of magnitude larger
than the Eddington limit is required because of the low efficiency of electron produc-
1 Aharonian (2002) first examined the various processes involving ultra high energy protons. He
disfavored photo-hadronic processes because required proton power is too large. Instead he proposed
proton synchrotron as reasonable but he assumed that protons escape the emission region diffusively.
Considering a large proton pressure, protons will be adiabatically cooled. Thus, energy requirement
is not relieved.
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tion in the radiation field given by the radio-IR spectrum by primary electrons. It is
to be noted that though the conversion efficiency of photo-pion production processes
is larger, required proton energy is much larger and the produced electrons emit
synchrotron photons at much higher energies than X-ray, which makes photo-pion
processes relatively ineffective.
There are more AGNs with kpc-scale jets bright in X-rays and they can be used to
examine our model. 3C 273 is one of these sources, a well known quasar at redshift
z = 0.158 (see Uchiyama et al. 2006, for review). Compared to PKS 0637–752,
the luminosity of 3C 273 jet is lower and the slope between optical and X-rays is
softer. However, the slope in the log ν-log νFν representation at ∼ 10
15 Hz is still
positive. Because of the γ-ray upper limits set by Fermi (Meyer et al. 2015) and
the spectral shape of IR-optical through X-rays as well as the optical polarization
(Uchiyama et al. 2006), the model with two electron populations is favored for 3C
273. Regarding the size of the emission region of kpc-scale knots, Marchenko et al.
(2017) recently analyzed the detailed structure of the jet in 3C 273, and the knots were
resolved to have extended features with the transverse sizes of ∼ 0.5 kpc and lengths
& 1 kpc in X-rays and far-ultraviolet. This small size of the X-ray emission region
is notable and it is worth studying the X-ray emission model by taking into account
this small size, though this may be regarded as tentative because the results depend
on a sophisticated deconvolution technique. The required proton power decreases
with the decreasing size, when the target photon is provided internally. Another
notable feature of 3C273 jet is different brightness distribution between X-rays and
radio. While radio emission is brighter at the outer edge of the jet, X-rays are
stronger at inner portion. This may suggest photons from the AGN core play some
role in shaping the X-ray emission from the large scale jet. If the energy density of
these photons in the knots dominates others, IC scattering by relativistic electrons
and photo-hadronic processes are enhanced, which may somewhat relieve the energy
problem. This effect is worth studying, because this has not been considered in
previous work. Furthermore, photons from the AGN core are strongly beamed and
the beamed direction is not necessarily peaked to the our line of sight. If the beaming
is peaked toward the knots rather than our line of sight, the effects are much stronger.
Another kpc-scale jet is found in PKS 1136–135, a steep-spectrum quasar located
at z = 0.556. The X-ray emitting knots of PKS 1136–135 are at projected dis-
tances of 30 - 60 kpc from the core (Cara et al. 2013). Sambruna et al. (2006) and
Tavecchio et al. (2006) supported the IC/CMB model for the X-ray emission from
the knots. On the other hand, Uchiyama et al. (2007) extensively studied the emis-
sion mechanisms in this source and interpreted the X-ray emission as synchrotron
radiation from a second nonthermal electron population. Later Cara et al. (2013)
found that several kpc-scale knots of PKS 1136–135 are highly polarized at opti-
cal. Combining this high polarization and the spectral shape, they concluded that
IC/CMB models are not favored to explain the X-ray emission.
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In this paper, we apply our model to the kpc-scale jets of 3C 273 and PKS 1136–135.
In particular, we study the effect of AGN photons on the electron/positron production
and consider its effect on the size of the emission region. In Section 2 we describe
our model, and in Section 3 numerical results are shown. In Section 4 summary and
discussion are presented. Throughout this paper we assume Ωm = 0.27, ΩΛ = 0.73,
Ωr = 0, and H0 = 71 km s
−1 Mpc−1 for cosmological parameters.
2. ASSUMPTIONS AND FORMALISM
The model in this paper is the same as used in Kusunose & Takahara (2017) except
that additional soft photon sources such as the AGN and CMB are considered. We
also include proton synchrotron radiation as well as electron/positron production by
photo-pion processes. However, for simplicity we do not include γ-ray production
via pi0 decay and subsequent cascade processes. We assume a uniform sphere with
radius R for a knot with magnetic fields B. The relativistic bulk motion of the knot is
not considered, because there is no clear evidence for relativistic motion of kpc-scale
jets in 3C 273 and PKS 1136–135 (e.g., Cara et al. 2013), noting that only mildly
relativistic beaming is enough to explain the asymmetry between the jet and the
counter-jet. Radiation in radio through IR is emitted by nonthermal electrons in the
knot. These electrons are the primary particles different from the secondary electrons
produced by Bethe-Heitler process. The spectrum of these electrons is obtained by
calculating the steady state solution of the kinetic equation of electrons with injection,
radiative cooling, and escape. The kinetic equation for the primary electrons is given
by
dne(γe)
dt
= qinj(γe)−
ne(γe)
tesc
−
d
dγe
[γ˙ene(γe)], (1)
where γe is the electron Lorentz factor and ne(γe) is the electron number density per
unit interval of γe. Radiative processes are synchrotron radiation and IC scattering,
and the cooling rate is denoted by γ˙e. The escape time of electrons, tesc, is assumed
to be 3R/c, where c is the speed of light. To calculate the spectrum of the primary
electrons that emit radio to IR, the injection spectrum of electrons is given by
qinj(γe) = Qeγ
−αe
e H(γe − γe,min)H(γe,max − γe), (2)
where H(x) is the Heaviside function defined as H(x) = 1 for x > 0 and H(x) = 0 for
x < 0. Here we do not specify the acceleration mechanisms to produce the injection
spectrum.
In the same knot, nonthermal protons produce electrons via collisions with soft
photons. The protons obey a power law given by
np(γp) = Kpγ
−αp
p H(γp − γp,min)H(γp,max − γp), (3)
where γp is the proton Lorentz factor and np(γp) is the proton number density
per unit interval of γp. We do not solve the kinetic equation for protons, because
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Table 1. Parameters for the primary electrons with fA = 1
R B αe γe,min γe,max
(kpc) (mG)
3C 273 knot A & B1 5 0.1 1.9 10 7× 105
3C 273 knot A & B1 0.5 0.1 2.4 10 9× 105
1136–135 knot A 5 0.1 2.1 10 106
1136–135 knot B 5 0.1 1.9 10 9× 105
the cooling time of protons is much longer than that of electrons. Then the pro-
duction spectrum of electrons is calculated for a given proton spectrum according
to Kelner & Aharonian (2008). To calculate the second population of electrons
that emit the X-rays, qinj(γe) in Equation (1) is replaced by the electron/positron
production spectrum by Bethe-Heitler process and photo-pion processes based on
Kelner & Aharonian (2008). The soft photons used in electron production are sup-
plied by radio-IR emission via above mentioned synchrotron radiation by the primary
electrons. In addition to these soft photons emitted in the knot, radiation from the
AGN and CMB is included. The distance of the knot from the AGN core is de-
noted by dknot. To calculate the soft photon injection rate from the AGN, we use
the photon spectrum compiled by NED. Though the dispersion is large in the photon
spectrum, we use a polynomial fit in log ν-logFν plot of the NED spectrum. As was
mentioned in §1, the beamed direction of AGN photons is not necessarily peaked
to our line of sight and knots may receive a larger flux than that observed by us.
When we introduce the enhancement of the AGN photons due to this effect, we use a
parameter fA to denote the enhancement factor of the AGN photon number flux per
unit frequency. We also consider the frequency shift of AGN photons by the Doppler
effect f
1/2
A . The effect of CMB photons on electron production is not important in
our model, because the relativistic bulk motion of the knot is not considered. The
produced electrons emit photons by synchrotron radiation and IC scattering. Here
the latter contribution to the X-rays is negligible. In this work proton synchrotron is
also included. However, because the magnetic field is weak, e.g., ∼ 0.1 mG, proton
synchrotron has only minor effect on the emission spectrum.
Parameters for numerical calculations are R, B, dknot, fA, Kp, γp,min, γp,max, αp, Qe,
γe,min, γe,max, and αe. We set γp,min = 1 throughout the paper.
3. RESULTS
3.1. 3C 273
The jet of 3C 273 has been frequently observed at various wavelengths (see
Marchenko et al. 2017, for review). The γ-ray upper limits on the knots A and B1
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Figure 1. The spectral energy distribution of 3C 273 knots A and B1 combined (filled
circles). Crosses are the upper limits set by Fermi. The models are produced for R = 5
kpc and B = 0.1 mG. The solid black line is synchrotron radiation by primary electrons
(parameters are given in Table 1). The solid green line is synchrotron radiation by elec-
trons/positrons by Bethe-Heitler process for αp = 2, γp,max = 10
10, and Kp = 6×10
−4 cm−3
without AGN photons. The dashed blue line is for αp = 2.3, γp,max = 10
10, and Kp = 0.154
cm−3 with AGN photons (fA = 1). For these parameters, synchrotron spectra by positrons
and electrons from photo-pion processes are shown by dot-dot-dashed and dot-dashed blue
lines, respectively. The total emission of these spectra is shown by blue open squares. Solid
red line is for αp = 1.9, γp,max = 5 × 10
8, and Kp = 1.77 × 10
−4 cm−3 with AGN photons
(fA = 1). The total emission for these parameters is shown by red open circles. The bump
around 1023 Hz is the contribution from synchrotron radiation by positrons from photo-pion
processes.
observed by Fermi are shown in Meyer et al. (2015). Though previous observations
did not set strong constraints on the size of the emission regions, Marchenko et al.
(2017) recently resolved the X-ray emission region down to ∼ 0.5 kpc. Considering
that their result needs further confirmation, in this work we make models for R = 5
kpc and 0.5 kpc.
3.1.1. Models with R = 5 kpc
We first show our models for R = 5 kpc and B = 0.1 mG in Figure 1. The observed
data are from Meyer et al. (2015). The emission spectrum is fitted to the spectrum of
knots A and B1 combined. The parameters for primary electrons that emit radio-IR
are given in Table 1. The injection spectrum is harder than the steady state electron
spectrum because of radiative cooling. The X-ray spectrum strongly depends on αp
and γp,max. However, because the data for the X-rays are limited, we cannot uniquely
determine the values of these parameters. In Figure 1, we show models with and
without AGN photons. The solid green line is for a model without AGN photons,
8 Kusunose & Takahara
where αp = 2, γp,max = 10
10, and γp,min = 1. (In this model photo-pion processes
are not taken into account.) When the photons from the AGN are not included, the
synchrotron spectrum by electrons produced by Bethe-Heitler process is harder than
the observed one at optical to X-rays. We find that this is true as long as αp . 2.7
when γp,max = 10
10. (Compared to PKS 0637–752, the observed spectrum of 3C 273
at optical to X-ray is softer.) Then for αp . 2.7, it is difficult to fit optical and
X-rays simultaneously. On the other hand, when the value of αp is larger, energy
requirement becomes larger.
When the AGN photons are included, the value of αp can be smaller. Here we
assume dknot = 50 kpc to determine the photon flux from the AGN. Since the angle
between the line of sight and the jet direction is not known, the value of dknot in our
models should be taken as a characteristic value. The spectra of target photons in
electron production are shown in Figure 2. The AGN photon spectrum is based on the
data from NED. For the most part we assume that knots receive the same flux of AGN
photons as the observed one, though we take into account for the distances of knots
from the AGN. In the following we assume fA = 1 and the effects of the beaming of
AGN photons are discussed in §3.1.4. For dknot = 50 kpc, the photons from the AGN
core dominate when R = 5 kpc. We first fix the value of γp,max = 10
10 to calculate the
electron production rate. We find that αp must be smaller than 2.4 to fit the data.
When αp & 2.4 with a fixed value of γp,max = 10
10, the electron spectrum becomes
steeper and the number density of electrons with γe ∼ 10
5 becomes larger. As a
result the flux at optical becomes too large. When αp = 2.3, for example, Kp = 0.15
cm−3 explains the observed spectrum as depicted by the dashed blue line for Bethe-
Heitler process in Figure 1. Radiation from positrons and electrons from photo-pion
origin is shown by dot-dot-dashed and dot-dashed blue lines, respectively. Their
contribution is mainly above 10 GeV and does not exceed the Fermi limits. The sum
is shown by blue squares. When the value of αp is much smaller, the value of γp,max
should be smaller too to fit the data. When αp = 1.9, we find γp,max = 5 × 10
8 with
Kp = 1.8× 10
−4 cm−3 fit the data as depicted by the solid red line for Bethe-Heitler
process in Figure 1. The sum of Bethe-Heitler and photo-pion processes is shown
by red squares. This smaller value of γp,max is chosen to suppress over-production of
X-rays. The γ-ray flux in our model is well below the Fermi upper limits, as is the
case for PKS 0637–752 (Kusunose & Takahara 2017). When αp . 1.8, the spectrum
at optical-IR is too hard irrespective of the value of γp,max.
The electron spectra for the models with R = 5 kpc and AGN photons are shown
in Figure 3. In the production spectrum of electrons, γ2ene(γe) from Bethe-Heitler
process has a peak at γe ∼ 2 × 10
8 for αp = 1.9 and γp,max = 5 × 10
8. Because of
radiative cooling the peak is located at the lower energy, γe ∼ 10
5, in the steady state.
In the figure, the spectra of electrons and positrons by photo-pion processes are also
shown.
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Figure 2. The target photon spectra in a knot of 3C 273. The black and blue solid lines
are the radiation at radio-IR band emitted by the primary electrons in knots A and B1
combined for R = 0.5 kpc and 5 kpc, respectively. The dashed line is the radiation field of
CMB and the dot-dashed line is radiation emitted by the AGN core assuming dknot = 50
kpc.
As mentioned above, we used the NED data for the AGN spectrum. The NED data
of the photon spectrum have a large dispersion. To examine the effect of the NED
photon spectrum we artificially varied the photon spectrum from the AGN (Figure
4). The results are shown in Figure 5 for αp = 2.3 and γp,max = 10
10. It is found that
the X-ray spectrum does not strongly depend on the AGN spectrum.
3.1.2. Models with R = 0.5 kpc
According to Marchenko et al. (2017), the size of knot A is resolved down to ∼ 0.5
kpc for the X-ray emission region. We present models for R = 0.5 kpc and B = 0.1
mG in Figure 6, assuming that the spatial extent of radio-IR knots is 0.5 kpc as well.
When R = 0.5 kpc and dknot = 50 kpc, photons from the AGN core are not important
as long as fA = 1 and CMB photons have only minor effects (Fig. 2). The injection
spectrum of the primary electrons is softer (αe = 2.4) than that for the models with
R = 5 kpc. In Figure 6, we show a model with αp = 1.9, γp,max = 5 × 10
8, and
Kp = 1.68 × 10
−2 cm−3. Compared to the model with R = 5 kpc, the value of Kp
is increased by 102. As R decreases the contribution of the radiation from the AGN
decreases while the radio-IR photon density in a knot increases. We also calculated a
model with αp = 2.3 and γp,max = 10
10 as for R = 5 kpc and find that Kp = 18 cm
−3
fits the observed X-rays.
3.1.3. Proton power
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Figure 3. The steady state spectra of electrons produced by hadronic processes in a knot
of 3C 273 with fA = 1. Electron/positron spectra produced by Bethe-Heitler process are
shown by the solid line for αp = 1.9 and γp,max = 5× 10
8 and the dashed line for αp = 2.3
and γp,max = 10
10. The spectra of positrons and electrons via photo-pion processes are
shown by the blue and red dashed lines, respectively, for the model with αp = 2.3 and
γp,max = 10
10.
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Figure 4. The radiation spectrum of 3C 273. Filled circles are the data from NED. The
blue line is used to construct our models. Other various lines are used in Figure 5.
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Figure 5. The spectral energy distribution of knots A and B1 combined of 3C 273 for
various target photon spectra supplied by the AGN with fA = 1 (Fig. 4). Here αp = 2.3
and γp,max = 10
10, R = 5 kpc, B = 0.1 mG, and dknot = 50 kpc. The blue line is the
same as shown in Figure 1 for αp = 2.3. Other colors of lines correspond to the same colors
shown in Figure 4. For simplicity, photo-pion processes are not shown.
The proton energy, Up, in a knot is calculated for our models with fA = 1. For
αp = 2.3, Kp = 0.15 cm
−3, γp,max = 10
10, and R = 5 kpc, we obtain Up ∼ 1.2 × 10
64
erg. For αp = 1.9, Kp = 1.8×10
−4 cm−3, γp,max = 5×10
8, and R = 5 kpc, the proton
energy is ∼ 2.6 × 1062 erg. If the proton power is estimated as Lp ∼ Up/(3R/c),
where 3R/c is the escape time (or adiabatic cooling time) of protons, these models
result in Lp & 10
50 erg s−1. The black hole mass MBH of 3C 273 is estimated to
be ∼ 108M⊙ (Espaillat et al. 2008, and references therein), while Paltani & Tu¨rler
(2005) estimate MBH ∼ 7 × 10
9M⊙. It is found that Lp ∼ 10
2 - 104LEdd for MBH =
1010-108M⊙, αp = 1.9, Kp = 1.8 × 10
−4 cm−3, and γp,max = 5 × 10
8. Here LEdd ∼
1.26 × 1047(M/109M⊙) erg s
−1 is the Eddington luminosity. When R = 0.5 kpc,
Up = 2.5 × 10
61 erg and Lp ∼ 1.6 × 10
50 erg s−1 ∼ 103LEdd for MBH = 10
9M⊙,
αp = 1.9, γp,max = 5× 10
8, and Kp = 1.7× 10
−2 cm−3. Lp does not much depend on
the value of R and Kp is nearly proportional to R
−2 when αp is fixed. The details
of the energy density, up, and power of protons as well as the energy density of the
primary electrons, ue, are shown in Table 2. These models need the proton power
larger than the Eddington luminosity by a few orders of magnitude and are hard to
realize.
3.1.4. Beaming of AGN photons
The required large proton power may be eased if the following situation is realized.
Though the AGN core of 3C 273 is known to exhibit super luminal motion, the beam
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Figure 6. Models of 3C 273 for R = 0.5 kpc and B = 0.1 mG. Black solid line: Syn-
chrotron and synchrotron self-Compton emission by the primary electrons. Radiation
by electrons/positrons produced by Bethe-Heitler process is calculated for αp = 1.9 and
γp,max = 5 × 10
8. Red solid line: fA = 1, Kp = 1.68 × 10
−2 cm−3, and dknot = 50 kpc.
Green dashed line: Without AGN photons, and other parameters are the same as those for
the red solid line. With AGN photons and fA = 40, the sum of emission by the primary
electrons and electrons/positrons by Bethe-Heitler and photo-pion processes are shown by
open circles, where αp = 1.98, γp,max = 2× 10
9, and Kp = 5.5× 10
−4 cm−3.
direction of radiation from the core can be slightly off the line of sight and is towards
the kpc-scale jets. Then we observe a smaller flux of the AGN radiation and the
knots receive the enhanced flux by the relativistic beaming effect. In the following
we assume that a knot receives the AGN photon number flux per unit frequency
enhanced by fA compared with the flux that we receive and the frequency is shifted
by f
1/2
A in the knot frame. To reduce the required large power of protons to as small
as 1047 erg s−1, the Doppler factor of the AGN core about a few times larger than
we observe is necessary. Note that the radiation spectrum of 3C 273 core is not like
a typical blazar, which is consistent with this hypothesis. Here we remark that when
there are enhanced AGN photons, IC scattering off the AGN photons by the primary
electrons is also enhanced.
Results for fA = 1, 10, 20, 40, and 80 with R = 5 kpc and B = 0.1 mG are shown
in Figure 7. The values of αp and γp,max are given in Table 3. The injection spectrum
of the primary electrons are varied according to the value of fA. As the value of
fA becomes larger, a harder injection spectrum is applied because radiative cooling
becomes more effective by IC scattering off AGN photons. The contribution of IC
scattering off AGN photons by primary electrons is shown in Figure 7 for fA = 40.
The peak of IC scattering appears in the GeV region. Synchrotron emission by
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electrons/positrons via photo-pion processes is also shown for fA = 40. For various
values of R and fA, the energy density and power of protons are given in Table
3. The upper limit of the value of fA is set by IC scattering by primary electrons
and synchrotron radiation of positrons. When fA . 80, synchrotron emission by
Bethe-Heitler electrons can explain the X-rays without violating the Fermi limits.
The necessary proton power can be as small as LEdd for large enough values of fA.
The visual luminosity of 3C 273 is ∼ 1046 erg s−1 (Fan et al. 2009). If fA = 10-40,
the enhanced luminosity becomes ∼ 1048-1049 erg s−1 and is near the most luminous
blazar (e.g. Ghisellini et al. 2017). When R = 0.5 kpc, the effect of AGN photons
is weak if fA = 1 as shown in Figure 2. However, if fA & 10, the AGN photons are
effective to reduce the proton power. These effects of the AGN photons are shown in
Figure 6 for fA = 40.
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Figure 7. Models of 3C 273 for R = 5 kpc and B = 0.1 mG with fA = 1, 10, 20, 40,
and 80. The spectra are the sum of IC scattering off AGN photons by primary electrons
and synchrotron radiation by primary electrons and electrons/positrons produced by Bethe-
Heitler and photo-pion processes. Note that for fA = 1, there is no contribution from IC
scattering by primary electrons. The values of αp and γp,max are given in Table 3. For
fA = 40, emission by primary electrons is shown by a solid black line and the spectra
by positrons and electrons via photo-pion processes are shown by open squares and circles,
respectively. There is a significant contribution of IC scattering off AGN photons by primary
electrons for fA & 20.
3.1.5. Summary of 3C 273
In this subsection we have presented a hadronic model to explain the X-ray emission
from the kpc-scale jet in 3C 273. The X-rays are produced by synchrotron radiation
emitted by electrons produced by Bethe-Heitler process. The target photons are
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Table 2. Proton energy density and power of 3C 273 for fA = 1
R ue αp γp,max up Lp
(kpc) (erg cm−3) (erg cm−3) (1050 erg s−1)
0.5 4.6× 10−8 1.9 5× 108 1.6 × 10−3 1.6
1 4.9× 10−9 1.9 5× 108 6.6 × 10−4 2.6
1 4.9× 10−9 2.3 1010 3.3 × 10−2 1.3× 102
5 1.3 × 10−11 1.9 5× 108 1.7 × 10−5 1.7
5 1.3 × 10−11 2.3 1010 7.7 × 10−4 7.7 × 10
Note—The magnetic energy density is umag = 4.0 × 10
−10 erg cm−3 for B = 0.1 mG.
Table 3. Proton energy density and power of 3C 273
for various values of R and fA
R fA αp γp,max up Lp
(kpc) (erg cm−3) (erg s−1)
0.5 10 1.98 9× 108 3.1× 10−4 3.1× 1049
0.5 20 1.95 109 7.1× 10−5 7.1× 1048
0.5 40 1.98 2× 109 2.2× 10−5 2.2× 1048
1 10 1.97 109 3.6× 10−5 1.4× 1049
1 20 1.95 109 9.3× 10−6 3.7× 1048
5 10 1.95 9× 108 2.7× 10−7 2.7× 1048
5 20 1.95 109 7.5× 10−8 7.5× 1047
5 40 1.97 2× 109 2.0× 10−8 2.0× 1047
5 80 1.97 2× 109 5.9× 10−9 5.9× 1046
radio-IR photons emitted by primary electrons in the kpc-scale jet and CMB as well
as the AGN photons. The latter photons are important if R = 5 kpc but become
less important if R is smaller when fA = 1. The required proton power exceeds the
Eddington limit by a few orders of magnitude. However, if the kpc-scale jet receives
enhanced beamed radiation from the AGN core, i.e., if 3C 273 is a slightly misaligned
blazar, our models do not need the super Eddington power for protons.
3.2. PKS 1136–135
Another kpc-scale jet bright in X-rays is PKS 1136–135. The observed spectra of
PKS 1136–135 are shown in Figures 8 and 9 for knots A and B, respectively. The data
are taken from Cara et al. (2013), Sambruna et al. (2006), and Uchiyama et al.
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(2007). The Fermi upper limits from Breiding et al. (2017) are shown by dia-
monds. The AGN core has visual and NIR luminosities of 1.1 × 1046 erg s−1 and
2.2× 1045 erg s−1, respectively (Uchiyama et al. 2007). The AGN spectrum is given
in Figure 10, which is used to calculate the electron production rate in hadronic pro-
cesses. We assume dknot = 50 kpc and 75 kpc for knots A and B, respectively. The
contribution of soft photons from various sources is shown in Figure 11 for fA = 1.
In knot A, CMB photons dominate in ν ∼ 8 × 1010-7 × 1011 Hz and AGN photons
dominate otherwise. In knot B, CMB photons dominate in ν ∼ 5× 1010-1012 Hz and
AGN photons dominate otherwise. The parameters for primary electrons are given
in Table 1. For simplicity we fix R = 5 kpc in all models. First, we describe knot A.
When B = 0.1 mG, we did not find a value of αp to fit the data for γp,max = 10
10,
because the flux at ∼ 1014 - ∼ 1015 Hz becomes too large. When the value of γp,max
is decreased to 109, we find that αp = 2.1 and Kp = 3.1 × 10
−3 cm−3 fit the X-ray
data, though still the slope at ∼ 1014 - ∼ 1015 Hz is too small compared to the ob-
served data. When αp = 1.9 is assumed, γp,max = 5 × 10
8 and Kp = 10
−4 cm−3 fit
the X-ray data. Second, we show the results for knot B. Models with parameter sets
(αp = 2.2, γp,max = 10
9, Kp = 6.57 × 10
−2 cm−3) and (αp = 1.9, γp,max = 4 × 10
8,
Kp = 3.97× 10
−4 cm−3), for B = 0.1 mG, are shown in Figure 9. Since these models
are not much different from knot A, we discuss only knot A below.
The observed spectrum of knot A is harder at ν ∼ 5 × 1014 Hz than our model
spectra. Cara et al. (2013) fit the data with the electron spectral index 2.0 and
the large value of the minimum Lorentz factor of electrons, i.e., ∼ 3 × 106. Unless
some acceleration mechanisms exist, it may be difficult to keep this large value of
γe,min against rapid radiative cooling. Otherwise, different emission regions might
contribute.
For knot A with fA = 1, we obtain the proton energy Up ∼ 1.5 × 10
62 erg for
B = 0.1 mG, αp = 1.9, Kp = 10
−4 cm−3, and γp,max = 5 × 10
8. The proton power
Lp is ∼ 9.6× 10
49 erg s−1. The black hole mass of PKS 1136–135 is estimated to be
4.6 × 108M⊙ (Oshlack et al. 2002), so that LEdd ∼ 10
47 erg s−1 and Lp ∼ 10
3LEdd.
This value is similar to the case for 3C 273 and the beaming effect of AGN core
emission on the kpc knots is to be considered to suppress the super Eddington of
the proton power. When fA = 40 for knot A, we obtain Kp = 3.7 × 10
−7 and
Lp ∼ 1.5 × 10
47erg s−1 ∼ LEdd. The emission spectra of knots A and B for fA = 40
are shown in Figures 8 and 9 by circles.
4. SUMMARY AND DISCUSSION
We examined the possibility to explain the X-rays from kpc-scale jets of 3C 273 and
PKS 1136–135 by synchrotron radiation emitted by electrons/positrons produced by
Bethe-Heitler process. We explored various conditions such as the size of the emission
region, the soft photon injection from the AGN core, the spectral shape of protons,
and the proton power.
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Figure 8. The spectral energy distribution of knot A of PKS 1136–135 (filled circles).
Triangles and diamonds are upper limits. For the models R = 5 kpc, B = 0.1 mG, and
dknot = 50 kpc are assumed. Solid red line: fA = 1, αp = 2.1, γp,max = 10
9, and Kp =
3.1 × 10−3 cm−3. Solid blue line: fA = 1, αp = 1.9, γp,max = 5 × 10
8, and Kp = 10
−4
cm−3. The emission spectrum for fA = 40 is shown by open circles, where αp = 1.98,
γp,max = 2× 10
9, and Kp = 3.7× 10
−7 cm−3. This spectrum is the sum of IC scattering by
primary electrons and synchrotron radiation by primary electrons and electrons/positrons
produced by Bethe-Heitler and photo-pion processes.
Because the efficiency of electron/positron production by Bethe-Heitler process is
low, the proton power larger than the Eddington limit is required to explain the X-
rays from the knots of 3C 273 and PKS 1136–135 as for PKS 0637–752. Observations
show that there indeed exist AGNs with super-Eddington luminosity (e.g., Jin et al.
2017, and references therein). However, our models for 3C 273 and PKS 1136–135
require the proton power much larger than the Eddington limit, e.g., ∼ 102-104LEdd.
Then we presented a model with a reduced proton power, which assumes that the
radiation from the AGN core to the knots is enhanced by the relativistic beaming.
Here the axis of the AGN core jet is slightly off the line of sight, so that the observed
AGN flux is smaller than the flux received by the knots. If the number flux per unit
frequency received by the knots is about 10-40 times larger than that observed by us,
the required proton power becomes about the Eddington limit. When this is the case,
IC scattering by primary electrons also increases the flux in GeV band. Since the sum
of this contribution and emission by electrons/positrons from photo-pion processes
should be lower than the Fermi upper limits, the upper bound of the enhancement
factor fA is less than ∼ 80 for 3C 273. For PKS 1136–135, fA can be larger because
the constraint by the Fermi limit is weaker. According to Sambruna et al. (2001)
the brightness distribution between X-rays and radio are different in 3C 273 (see also
Marchenko et al. 2017). While radio emission is brighter at the outer edge of the
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Figure 9. The spectral energy distribution of knot B of PKS 1136–135 (filled circles).
The red diamonds are the Fermi upper limits. For the models R = 5 kpc, B = 0.1
mG, and dknot = 75 kpc are assumed. Red solid line: fA = 1, αp = 2.2, γp,max = 10
9,
and Kp = 6.57 × 10
−2 cm−3. Blue solid line: fA = 1, αp = 1.9, γp,max = 4 × 10
8, and
Kp = 3.97 × 10
−4 cm−3. The emission spectrum for fA = 40 is shown by open circles,
where αp = 1.98, γp,max = 10
9, and Kp = 2.1 × 10
−6 cm−3. This spectrum is the sum
of IC scattering by primary electrons and synchrotron radiation by primary electrons and
electrons/positrons produced by Bethe-Heitler and photo-pion processes.
jet, X-rays are stronger at inner portion. This may imply the photons from the AGN
core play a role in X-ray emission in the large scale jet by Bethe-Heitler process.
As for the size of the emission region, in the hadronic model with enhanced AGN
photons, a smaller size model needs more proton power than a larger one for a given
value of fA. For example, the value of Lp of a knot with R = 0.5 kpc of 3C 273 is
larger by a factor ∼ 10 than that with R = 5 kpc.
We briefly comment on the effects of AGN photons on PKS0637–752, which was
not covered in our previous paper. As for PKS 0637–752, Edwards, et al. (2006)
reported superluminal motion of the pc-scale jet. Core optical luminosity is about
three orders of magnitude higher than that of the knot. The projected distance to
the knot from the core is about 70 kpc so that the radiation from the core can be
ignored if the beaming effect is neglected. Only if the core is not aligned with the
line of sight and the kpc-scale jet is aligned with beamed radiation, the core emission
may be effective. When we adopt a small viewing angle, the distance of the knot
becomes as large as Mpc, which is unlikely. The spectral energy distribution of the
core seems to be a little different from a typical blazar; the luminosity of the high
energy component is mild (Meyer et al. 2017). Thus the possibility of a slightly off
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Figure 10. The radiation spectrum of PKS 1136–135. Filled circles are the data from NED.
The red line is a polynomial fit of the log ν-log Fν representation and used in calculations
of electron/positron production.
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Figure 11. The target photon spectra for proton-photon collisions for PKS 1136–135. The
synchrotron radiation by primary electrons in knot A and knot B are shown by the black
and blue solid lines, respectively. CMB photons are shown by the red dashed line. The
green and magenta dot-dashed lines are the AGN photons with fA = 1 for dknot = 50 and
75 kpc, respectively.
beamed jet cannot be neglected. If this is the case, the kpc-scale jet may see an order
of magnitude larger beamed radiation.
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The cascade of γ-rays produced by pi0 decay is not included in this work. The
optical depth of the electron-positron pair production in photon-photon collisions is
τγγ ∼ σTnsoftR for the threshold photon energies, where σT is the Thomson cross
section and nsoft is the target soft photon number density. For a knot of 3C 273 with
R = 5 kpc, B = 0.1 mG, and fA = 40, we find τγγ & 1 for ν & 3×10
24 Hz or hν & 12
GeV. The produced γ-ray spectrum has a peak at ν ∼ 1029 Hz and its production
rate is similar to that of positrons. Then electron-positron pairs produced by γ-rays
emit synchrotron radiation with a spectrum similar to that of positrons via photo-
pion processes. Thus the γ-ray flux may be as twice as that of positron synchrotron
radiation.
In this work we did not consider the relativistic bulk motion of the knots towards us.
When the knots have the beaming factor larger than unity, the soft photon density
by primary electrons is reduced to account for the observed radio-IR spectrum. This
results in the lower electron production rate by Bethe-Heitler process. Photons from
the AGN core received by the knots also decrease, while CMB radiation is enhanced
in the knot frame and IC/CMB process becomes effective.
Our model does not satisfy the equipartition condition, i.e., the energy density of
protons is much larger than that of magnetic fields. Furthermore, we assumed the
acceleration of protons is more efficient than that of the primary electrons. That is,
the proton power is larger than the electron power, and the maximum Lorentz factor
of protons is also larger than that of the primary electrons. However, these issues,
equipartition and acceleration, are beyond the scope of this paper.
This research has made use of the NASA/IPAC Extragalactic Database (NED)
which is operated by the Jet Propulsion Laboratory, California Institute of Technol-
ogy, under contract with the National Aeronautics and Space Administration.
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